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thermal  r e a c t i o n s  and i n  combustion r e s e a r c h  a r e  w e l l  known: 
d i f f i c u l t y  of i n i t i a t i o n ,  the  very h i g h  r a t e  of r e a c t i o n  once 
begun, t h e  complexity of t h e  r e s u l t i n g  mixture ,  and i n  some 
c a s e s ,  s u r f a c e  e f f e c t s .  A need f o r  understanding the mechanism 
of these  high temperature  r e a c t i o n s  s t i l l  remains a b a s i c  
problem. The k i n e t i c s  and e n e r g e t i c s  of a number of r e a c t i o n s  
i n v e s t i g a t e d  a t  l o w  temperatures  appear  t o  be a t  l e a s t  par- 
t i a l l y  Understandable.  However, cons iderable  d e v i a t i o n  from 
theory  i s  i n d i c a t e d  a s  the r e a c t i o n  temperature  i s  increased .  

The outs tanding  f e a t u r e  t h a t  d i s t i n g u i s h e s  h i g h  temperature  
k i n e t i c s  from low or moderate temperature  k i n e t i c s  i s  the much 
l a r g e r  amount of energy p r e s e n t  i n  t h e  r e a c t i o n  system. A 3  the  
r e s u l t  of t h i s  h i g h  energy conten t ,  p o s e i b l e  d e v i a t i o n s  from low 
temperature  k i n e t i c s  may a r i s e .  The sources of theae d e v i a t i o n s  
a r e  l i s t e d  a3 follows: 

1. Reaction i n t e r m e d i a t e s  t h a t  may be somewhat s t a b l e  a t  
low temperature  may decompose r a p i d l y  a t  e l e v a t e d  
temperature ,  supply ing  cha in  c a r r i e r s  t h a t  may com- 
p l e t e l y  change t h e  k i n e t i c s  o f  t h e  r e a c t i o n .  

2. Non-equi l ibr lun energy d i s t r i b u t i o n s  mag appear  among 
r e a c t a n t s  and products  i n  f a s t ,  h i g h  temperature  
r e a c t i o n s .  

3 .  Diatomic and t r i a t o m i c  r a d i c a l s  may be formed i n  addi -  
t i o n  t o  the polyatomic r a d i c a l s  which a r e  u s u a l l y  
observed a t  low temperature  

4. Large nunbelsof atoms and r a d i c a l s  may be produced 
which a r e  unknown a t  lower temperatures .  
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-. 
The convent iona l  k i n e t i c  systems a r e  i m p r a c t i c a l  f o r  t he  

s tudy  of h igh  temperature  r e a c t i o n s  s i n c e  t h e  r e a c t a n t s  must be 
hea ted  r a p i d l y  t o  a h igh  tempera ture  wi thout  a p p r e c i a b l e  re- 
a c t i o n  occur r ing  be fo re  t h e  d e s i r e d  temperature  i s  a t t a i n e d .  
The s i n g l e  impulse shock tub? which has been d e s c r i b e d  by 
Gl ick ,  Squ i re ,  and Hertzberg o f f e r s  a meam of cons ide rab le  
f l e x i b i l i t y  f o r  ob ta in ing  more fundamental  chemical  d a t a .  A 
wide range of r e a c t i o n  temperature  i s  p o s s i b l e ,  concen t r a t ions  
of r e a c t a n t s  can be v a r i e d  w i t h i n  wide l i m i t s  and su r face  
e f f e c t s  a r e  e l imina ted .  With t h e  s i n g l e  impulse shock tube ,  
t he  r e a c t i o n  occurs  fo l lowing  t h e  r e f l e c t e d  shock wave, and 
then  i s  quenched by a s t r o n g  r a r e f a c t i o n .  The r e a c t i o n  pro-  
duc t s  can be f l u s h e d  f r o m  the  t u b e  and analgsed.  

Apparatus and Jda ter ia l s  

The s ingle- impulse  shock tube  was made of two-inch s t a i n -  
l e s s  s t e e l  p ipe ;  t h ree - foo t  s e c t i o n s  were assembled and he ld  
i n  proper  alignment by b o l t e d  f l a n g e s .  The g e n e r a l  cons t ruc-  
t i o n  i s  e s s e n t i a l l y  t h a t  d e s c r i b e d  by. Gl ick ,  Squ i re  and 
Hertzberg.1 A f e w  minor mod i f i ca t ions  were r e q u i r e d  t o  over- 
come c e r t a i n  mechanical d i f f i c u l t i e s .  

The arrangement used i n  t h e s e  s t u d i e s  was determined by 
the  r e a c t i o n  t ime d e s i r e d .  A t y p i c a l  arrangement proceeding 
f r o m  one end of the appa ra tus  t o  the o ther ,  i s  as fo l lows:  
Expansion tank ( twenty g a l l o n  c a p a c i t y ;  s i x - f o o t  h igh  pressure  
d r i v e r  s e c t i o n ;  t h ree - foo t  b u f f e r  s e c t i o n  ( I ) ;  t h r e e - f o o t  
r e a c t i o n  s e c t i o n ;  s i x - f o o t  b u f f e r  s e c t i o n  (11); end p l a t e .  
Two SLM quar t z  p i e z o - e l e c t r i c  p r e s s u r e  pick-ups were mounted 
i n  b u f f e r  s e c t i o n  I1 t o  measure t h e  v e l o c i t y  o f  t h e  shock wave 
by f eed ing  the  proper  s i g n a l  t o  t h e  s t a r t  and s t o p  of a 
Berkeley EPUT and Timer model No. 7360. A shock-proof mounting 
was r equ i r ed  f o r  t h e  c r y s t a l  p r e s s u r e  pick-ups.  

s tudy of pressure- t ime t r a c e s  du r ing  t h e  o p e r a t i o n  of t he  tube 
wi th  t h e  p re s su re  pick-up i n  d i f f e r e n t  p o s i t i o n s .  These t r a c e s  
were made by using t h e  K i s t l e r  Ins t rument  Company p iezo  c a l i -  
b r a t o r .  The output  of the c a l i b r a t o r  was recorded photo- 
g r a p h i c a l l y  wi th  a Tek t ron ix  Model 535 o s c i l l o s c o p e  w i t h  No. 53c 
plug-In d u a l  beam p r e a m p l i f i e r  u n i t .  
chosen f o r  t h e  r e a c t i o n  s e c t i o n  r e s u l t e d  i n  t h e  r e a c t i o n  occurr -  
ing i n  a s e c t i o n  which w a s  f r e e  f r o m  anomalous p r e s s u r e  peaks 
in t h e  t r a c e .  

The p o s i t i o n  of the r e a c t i o n  s e c t i o n  was  chosen a f t e r  a 

The p o s i t i o n  which was 

Two s p e c i a l  quick-opening va lves  were used t o  i s o l a t e  the  
r e a c t i o n  mixture  from t h e  b u f f e r i n g  gas p r i o r  t o  r e a c t i o n .  



These va lues  were plug type  va lves  in which t h e  plug was bored 
e x a c t l y  t o  the i n s i d e  d i ame te r  of t h e  shock tube .  Leakage , 

ac ross  t h e  valve and t o  the  atmosphere was e l imina ted  by the 
u s e  of O-rings i n  a p p r o p r i a t e  grooves.  

propane, were r e s e a r c h  g rade  chemicals  s u p p l i e d  by P h i l l i p s  
Petroleum Company. The compressed gases  were commercially 
a v a i l a b l e .  The azomethane used was prepared by the  ox ida t ion  
of  dimethylhydrazine w i t h  mercuric  oxide accord ing  t o  the  
method of Renaud and Lei tch.2 

All of t h e  hydrocarbons used wi th  the except ion  of  cyclo-  

Experimental  Procedure 

I n  p r e p a r a t i o n  f o r  a r e a c t i o n ,  a l l  p a r t s  of the  system 
were evacuated ,  f l u s h e d  w i t h  helium, evacuated aga in ,  and then  
f i l l e d  wi th  helium t o  t h e  r equ i r ed  p res su re .  The r e a c t i o n  mix- 
t u r e  was prepared by in t roduc ing  helium, and t h e  reac tan ts ,  i n t o  
a s t a i n l e s s  s t e e l  c y l i n d e r  and mixing by imposing a s t r o n g  
thermal  convect ion.  The b u f f e r  and r e a c t i o n  s e c t i o n s  were a l l  
f i l l e d  t o  e x a c t l y  t h e  same p r e s s u r e ,  and t h e  quick-opening valve 
was opened t e n - f i f t e e n  seconds be fo re  t h e  b u r s t i n g  of t he  main 
diaphragm. 

s t ream o f  helium th rough  two t r a p s  cooled  i n  l i q u i d  n i t rogen ;  
the second t r a p  was f i l l e d  w i t h  adsorbent  cha rcoa l  which had been 
a c t i v a t e d  by h e a t i n g  t o  30OoC.  in a s t ream o f  helium. 

The conten ts  of the t r a p s  were t r a n s f e r r e d  t o  gas holders .  
f o r  a n a l y s i s .  Convent ional  gas chromatographic methods were 
used; the fo l lowing  ana lyses  were performed wi th  t h e  r e spec t ive  
columns : 

The r e a c t i o n  products  were f l u s h e d  from t h e  shock tube i n  a 

1. 

2. S i l i c a  g e l  40': e thane ,  e thene ,  and carbon d ioxide .  
3. 

4. Polyethylene g l y c o l  40°: oxygenated compounds. 

A Gow-Mac f i l a m e n t  type c e l l  was used w i t h  t h e  f i r s t  t h r e e  

Linde Molecular  Se ive  5A,  117': hydrogen, carbon mon- 
oxide,  and methane. 

Dowtherm A 40°: propane, propene, and a l l  t h e  C4 .hydro- 
carbons , pentane , and the  pentenes.  

columns; a very s e n s i t i v e  t h e r m i s t o r  c e l l  was used in the sea rch  
f o r  oxygenated compounds. 

In  almost a l l  of t h e  runs ,  the composi t ion of t h e  mixture in 
the r e a c t i o n  s e c t i o n  was approximately f i v e  mole percent  or l e s s .  



Other r e a c t i o n  products  t h a t  could  n o t  be s e p a r a t e d  by g a s  
chromatography were determined by o t h e r  convent iona l  methods o f  
a n a l y s i s .  The r e a c t e d  gas was passed i n t o  water  and formalde- 
hyde was d e t e r a n e d  a s  t h e  2,4-dinitrophenglhydrazone; t h e  a c i d  
e q u i v a l e n t ,  by t i t r a t i o n ;  and peroxides ,  by t i t r a t i n g  w i t h  
hydrogen iodide  accord ing  t o  t h e  procedure of S a t t e r f i e l d ,  
i+ilsOn, LeCla i r  and R e i d . 3  

Re s u l t s  

Thermal Decompos'i t i on of Az ome thane 

Azomethane was thermal ly  decomposed a t  t empera tures  ranging 
f r o m  437.5 t o  635.2OC. and r e a c t i o n  times of 0.6 t o  3.8 m i l l i -  
seconds.  A t  t h e  lower temperatures  and a t  low c o n c e n t r a t i o n  the 
dominant r e a c t i o n  l e a d s  t o  t h e  format ion  of ethane. A t  h i g h e r  
temperatures  and h i g h e r  i n i t i a l  c o n c e n t r a t i o n s ,  methane, e thylene  
and propane a r e  formed i n  large amounts. L i n e a r  r e l a t i o n s h i p s  
a r e  obta ined  when t h e  l o g  azomethane c o n c e n t r a t i o n  a t  a par -  
t i c u l a r  temperature  i s  p l o t t e d  a g a i n s t  t h e  r e a c t i o n  t i m e .  The 
r a t e  express ion  f o r  t h e  t h e r m 1  decomposi t ion of azomethane was 
de te rn ineC t o  be 

-46,200 -1 . k = 1.24 X 1015 exp Rt 

i 
t 

Yethyl Radical  React ion w i t h  Oxygen 

I Methyl r a d i c a l s ,  which were g e n e r a t e d  by t h e r m a l l y  decom- 
posing azometnane,were al lowed t o  r e a c t  w i t h  oxygen a t  522OC. 
and a t  var ious  oxygen-radical  r a t i o s .  The r e s u l t s  f o r  a 5 : l  
oxygen-azonethane r a t i o  a r e  g i v e n  i n  Table  I. The a c i d  formed 
f r o 3  the  methyl radical-oxygen via3 determined i n  only one 
ex?eriment.  Zrom 442xb4 m o f  azomethane under  the above con- 
d i t i o m ,  26.6 microequiva len ts  of a c i d  was formed. To t e s t  t h e  
s t a b i l i t y  of  sone o f  t h e  r e a c t i o n  products  under t h e  r e a c t i o n  
c o n ? i t i o n q  s e v e r a l  r e a c t i o n s  between methanol and oxygen and 
carbon aonoxide and oxygen were c a r r i e d  o u t .  For t h e  water -  
ca ta lyzed  r e a c t i o n  of C O  and oxygen a t  632OC. p r a c t i c a l l y  a l l  
of the  CO was recovered unchanged. A t  13OO0C., however, more 
than  90 p e r c e n t  of the CO was conver ted  i n t o  G O z .  
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Table I 
React ion of  Methyl Radicals  and Oxygen i n  the 

Shock Tube a t  Pql. = 14.66, T = 522OC. 
(Oxygen-Azomethane Rat io  = 5:l) 

12-50-(3)  ( 4 )  (5jb ( 6 )  ( 7 )  Exp. No. I 

React ion  T i m e  2.6 2 .2  0 . 8  1.5 3 . 0  
( m i l l i s e c o n d s  ) 
Azomethane , p m .  

i n i t i a l  416 464 440.4 456.4 476 
unreac t e d  14.5 42.8 a a a 

Products  
45.6 35 .4  a 18.9 72.7 '2'6 
96 .3  79.0 a 52 .4  117.3 

co 197 176 a 138.4 286.4 
27.6 20.5 a 11.2 82.7 

CH4 

co2 
H2 176 181.6 a 118.2 a 

8.3 9 .3  a 6 . 4  33.2 
HC HO 273 a 92.8 378.2 235.0 
CH30H a 2 .0  a a a 

Carbon ba lance  85.8  46.8 10.6 69.1  98.2 

a Experimental  d i f f i c u l t i e s  prevented a n a l y s i s  of  t h e s e  
c ompounda . 

b A complete set of analyses f o r  formaldehyde at this temperature 
shows a maximum in concentration at 2 d u S e C .  

2'4 

- 

Cyclopropane and n-pentane Reactions 

r e a d i l y  a t  76OoC.  and h i g h e r  a l though a t  long r e a c t i o n  times 
methane, e t h y l e n e ,  bu tene  and hydrogen a r e  a l s o  formed. The 
methyl rad ica l - induced  decomposition of cyclopropane was a l s o  
s t u d i e d .  A t  76OoC. the induced r e a c t i o n  l e a d s  t o  heavy carbon 
d e p o s i t s  on the w a l l s  of  the shock tube.  When t h e  induced reac-  
t i o n  waa c a r r i e d  out  w i t h  added oxygen t r a c e s  of acetaldehyde,  
formaldehyde and a c r o l e i n  were d e t e c t e d  aa t h e  2 , 4  DNPH 
d e r i v a t i v e s .  

The i s o m e r i z a t i o n  of cyclopropane t o  propylene occurs 

The products  formed by t h e  r e a c t i o n  of n-pentane w i t h  oxygen 
a r e  those  g e n e r a l l y  expec ted  of hTdrocarbon oxida t ion  a t  high 
temperature .  A s e r i e s  of experiments were c a r r i e d  out  a t  877OC. 

? 
I 

f 



in which the r e a c t i o n  time was v a r i e d  from 2.2 t o  3.4 m i l l i -  
seconds. The only oxygenated products  found were carbon mon- 
oxide and carbon d i o x i d e .  Oxygenated products  w i t h  any v e s t i g e  
of the  o r i g i n a l  carbon s k e l e t o n  a r e  a b s e n t  even a t  v e r y  s h o r t  
r e a c t i o n  t imes.  

Discuss ion  

The thermal  r e a c t i o n  of azomethane i n  t h e  shock tube  appears  
t o  proceed by a unimolecular  process  when t h e  i n i t i a l  azomethane 
c o n c e n t r a t i o n  i s  reasonably low,  t h e  r e a c t i o n  time i s  s h o r t  and 
t h e  r e a c t i o n  temperature  i s  n o t  t o o  high.  The f o r n a t i o n  of pro- 
pane i n  t h e  r e a c t i o n  system a t  the higher temperatures  and a t  
long r e a c t i o n  times sugges t  t h a t  e t h y l  r a d i c a l s  a r e  present  i n  
g r e a t  abundance. Products  involv ing  methyl a d d i t i o n  t o  azomethane 
t o  form t e t ra rne thylhyaraz ine  were n o t  d e t e c t e d  i n  any of the 
experiments which i n d i c a t e s  t h a t  t h i s  r e a c t i o n  i s  n o t  important 
a t  these  h i g h  tempera tures .  

r e a c t i o n  i s  i n  reasonably good agreement w i t h  the l i t e r a t u r e  
values .  

The Arrhenius  a c t i v a t i o n  energy of 46,200 c a l  f o r  t h e  thermal  

The r e a c t i o n  of methyl r a d i c a l s  and oxygen a t  h i g h  tempera- 
t u r e s  i s  extremely complicated.  There i s  a n  i n c r e a s e  i n  the r a t e  
o f  decomposition of azomethane i n  the presence of oxygen somewhat 
ove? t h a c  of the pure thermal  r e a c t i o n .  Although t h e  r e s u l t s  a r e  
not  q u a n t i t a t i v e  n o r  complete,  t h i s  evidence sugges ts  t h a t  c h a i n  
r e s c t i o n s  involv ing  methyl r a d i c a l s ,  oxygen or r e a c t i v e  i n t e r -  
mediates become important  a t  these h i g h  tempera tures .  

Prevlous i n v e s t i g a t o r s  have e x p l a i n e d  t h e  major  products  o f  
t h e  r e a c t i o n  of methyl r a d i c a l s  and oxygen by t h e s e  r e a c t i o n s  

CH3 t O2 
CH3 t o2 
Cii300 
HC HO 

CH3 t HCHO 

CHO +- OH 
2 CH300 

2 CHBO 
CH30 t RH 

CHO + O2 

CH300 
HCHO + OH 
HCHO + O H  
H + CO 

CH4 f CHO 

HCOOH 
2 CH 0 f O2 

3 
CH30H t HCHO 
CH30H + R 

C 0 2  + OH 

2 

I 
5 
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A number of r e a c t i o n  pa ths  a r e  a v a i l a b l e  t o  account f o r  the 
products  found i n  low y i e l d  i n  th i s  r e a c t i o n  and a r e  of minor 
importance.  

t h e  i n i t i a l  r e a c t i o n  of methyl r a d i c a l s  and oxygen. A t  tempera- 
t u r e s  from OOC. t o  a t  l e a s t  200°C., r e a c t i o n  I i s  a t t r a c t i v e  
s i n c e  the subsequent r e a c t i o n s  (eq .  5 a ,  Sb)  can adequate ly  ex- 
p l a i n  methanol format ion .  React ion I1 l e a d s  t o  no p l a u s i b l e  
mechanism by which methanol i s  formed. Only t r a c e s  of methanol 
were formed i n  t h e  o x i d a t i o n  r e a c t i o n s  a t  5 0 3 O C .  Methanol i s  
r e l a t i v e l y  s t a b l e  a t  t h i s  temperature,  b u t  o n l y  t r a c e s  of 
methanol were found. React ions 5b ana 5c  do nor; appear  important 
a t  t h i s  temperature  . 

Xethoxy r a d i c a l s ,  f o r m e d  from dimethylperoxide and ther-  
mal ly  decomposed y i e l d  formaldehyde and methanol a s  major pro- 
d u c t s .  l h e n  oxygen i s  p r e s e n t ,  only t r a c e s  o f  methanol a r e  
detected and C02 becomes the major product.  

A comparison of the C02 ana lyses  from methyl and methoxy 
r a d i c a l  experiment s u p p l i e s  evidence t h a t  t h e  t o t a l  amount of  
methyl r a d i c a l s  t ha t  go through a methoxy i n t e r m e d i a t e  i s  pro- 
bably  a good d e a l  l e a s  t h a n  5 p e r c e n t .  

t h e  r e a c t i o n  r e f l e c t s  i t s  importance a s  an in te rmedia te  i n  the  
o x i d a t i o n  mechanism. The r e a c t i o n  o f  methyl r a d i c a l s  and 
f o m a l 3 e h y d e ,  and p o s s i b l y  the fornfyl r a d i c a l ,  p a r t i a l l y  e x p l a i n  
t h e  h i g h  methane c o n c e n t r a t i o n .  Zhen the e a s i l y  a b s t r a c t a b l e  
hydrogen of formaldehyde become r e a d i l y  a v a i l a b l e ,  e s p e c i a l l y  
a t  t h e  l a t e r  s t a g e s  of the r e a c t i o n ,  methane becomes a major 
product .  

Cbnsiderable  u n c e r t a i n i t y  s t i l l  e x i s t s  a s  t o  the n a t u r e  of 

The l a r g e  amount of formaldehyde formed i n  a l l  s t a g e s  of  

Reaction involv ing  peroxide,  hydrogen peroxide oy hydro- 
peroxide format ion  a p p a r e n t l y  do not  t a k e  p lace  t o  any appre- 
c i a b l e  e x t e n t  a t  t h e s e  tempera tures .  

The convers ion  of CO t o  C02 a t  632OC. is a very slow 
r e a c t i o n  and a l though a small  amount of C 0 2  may be formed 
from C O ,  o t h e r  r e a c t i o n s  l e a d i n g  t o  C 0 2  a r e  much more l i k e l y  
t o  occur .  

Although many o f  the r a d i c a l s  descr ibed  have been i d e n t i -  
f i e d  i n  combination r e a c t i o n s  by mass spec t romet ry  t h e  impor- 
tance  of  many of t h e s e  s p e c i e s  in a c h a i n  mechanism a t  high 
temperature  s t i l l  cannot  be confirmed. 

between the simple hydrocarbons and h i g h e r  molecular  weight 
Pentane was chosen f o r  t h i s  s tudy  s i n c e  i t  i s  in te rmedia te  
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hydrocarbons which a r e  important  l i q u i d  f u e l s .  Pentane,  a 
r e l a t i v e l y  s imple hydrocarbon undergoes r e a c t i o n s  t h a t  a r e  
d i f f i c u l t  t o  i n t e r p r e t .  Oxygenated o r g a n i c  products ,  a ldehyde,  
ke ton ,  or a c i d s  a r e  a b s e n t  i n  the products .  Evident ly ,  once a 
pentane molecule becomes a r a d i c a l  i n  t h e  presence of oxygen 
a t  h i g h  temperature  it r a p i d l y  undergoes complete d e g r a d a t i o n  
t o  carbon monoxide and carbon d i o x i d e .  A c e r t a i n  amount of 
r a a i c a l  decomposition l e a d s  t o  o l e f i n  p l u s  a lower a l k y l  r a d i c a l .  
The r a t h e r  uniform r a t e  of o x i d a t i o n  of pentane over  a wide 
range of oxygen c o n c e n t r a t i o n  s u g g e s t s  t h a t  t h e  r a d i c a l  cha ins  
a r e  long. 

out  s u c c e s s f u l l y  i n  the chemical shock tube.  The o x i d a t i o n  reac-  
t i o n  can be c a r r i e d  only t o  t h e  d e s i r e d  s t a g e  and s topped.  

W i l e  t h e  exper imenta l  r e su l t s  do n o t  permit a r e a c t i o n  
mechanism t o  be proposea,  a n  i n s i g h t  of the h i g h  temperature  
problem, w i t h  a l l  of i t s  c o m p l e x i t i e s ,  has been obta ined .  

C e r t a i n  h i g h  temperature  combustion s t u d i e s  can  be c a r r i e d  
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